Abstract-This paper describes a model for the analysis of multilayered chiral structures containing planar electric and magnetic scattering elements of arbitrary shape, illuminated by an elliptically polarized plane wave. The particular case of a single chiral layer is analyzed and the scattering matrices for single and dual electric and/or magnetic dipole distributions are derived in an original way. As an application, the polarimetric response of a short electric or magnetic dipole is directly obtained from their scattering matrix.
I. INTRODUCTION The development of polarimetric synthetic aperture radars (PolSAR) introduced new possibilities of active microwave remote sensing of the Earth [1] , [2] . By containing full amplitude and phase information from each SAR image resolution cell, PolSAR signatures permit better target discrimination and classification when compared to single-polarization SAR data, having thus been successfully used for classification of a wide range of land cover [3] , [4] . More recently, PolSAR imaging techniques have also been applied to the analysis of man-made structures and urban areas, despite the complexity added in these cases by the number and variety of elements involved in the electromagnetic scattering [5] , [6] .
The problem of electromagnetic scattering and propagation in structures composed of multiple layers of complex media appears often not only in microwave SAR remote sensing (e.g., stratified soil, crop and forest vegetation, snow and ice covers), but also in other diverse applications, such as: microstrip antennas, microwave monolithic integrated circuits (MMIC), printed circuit technology, mobile and wireless communications, medical imaging and diagnosing, geophysical mapping and planetary exploration. The efficient computational analysis of each of these cases requires accurate models that account for the geometric and electromagnetic characteristics of the particular structure under study, as well as for the specific electromagnetic excitation mechanism.
For practical PolSAR remote sensing applications, such as image classification and sensor calibration, several models have been developed to properly characterize the electromagnetic scattering of diverse targets [7] . For achieving these purposes the paper is organized as follows. The theory behind the computation of the electromagnetic fields present in the multilayered chiral structure is described in Section II. In Section III the general chiral model is particularized for simple scattering elements (planar thin electric and magnetic dipoles) embedded in a three-layer planar structure consisting of a chiral layer between free space and an isotropic ground. The scattering matrices for several configurations of single and dual electric and/or magnetic dipoles are presented in Section IV. As applications of these analytical results, the polarimetric response of electric and magnetic dipoles is discussed in Section V.
II. MULTILAYERED CHIRAL STRUCTURE MODEL
The general structure under investigation, as depicted in Fig. 1 , consists of N chiral layers confined in the z-direction between free space (the upper layer) and ground (the lower layer). The analytical development is based on a global rectangular coordinate system located atop the ground layer (z = 0).
All layers are assumed to be linear, homogeneous, planar and unbounded along the transversal x and y directions. The isotropic ground layer, occupying the negative-z region, has complex permittivity ε g and complex permeability μ g , while free space, extending beyond z = d N , also isotropic, has permittivity ε 0 and permeability μ 0 . A chiral medium corresponds [18] to a reciprocal bi-isotropic medium that is capable of supporting two superimposed circularly-polarized waves, one to the left and the other to the right. Their different propagation speeds introduce a phase difference in the propagation of these two waves. Thus, if a plane, uniform, linearly-polarized electromagnetic wave is incident on a chiral medium, the observed macro-effect is the rotation of its polarization plane.
The n-th (for n = 1, 2, … , N) chiral layer in Fig. 1 is characterized by permittivity ε n , permeability μ n , chiral admittance ζ n , and thickness ℓ n . Electric and magnetic elements of infinitesimal thickness are supposed to exist on each layer interface, i.e., at z = 0 and z = d n , of the multilayered chiral structure.
The excitation mechanism consists of an elliptically polarized plane wave illuminating at oblique incidence the z = d N interface between the uppermost chiral layer and free space. Considering the multilayered structure is located in the far range of the transmitting and the receiving antennas illustrated in Fig. 1 , then the transmitted wave incident upon the z = d N interface and the scattered wave that reaches the receiving antenna can both be assumed to be plane and uniform [19] . Also, the elliptically polarized excitation wave is represented as the superposition of two linearly polarized waves, one parallel to the incidence plane (vertical polarization) and the other perpendicular to it (horizontal polarization).
The excitation wave induces on the electric and magnetic scattering elements located at the layer interfaces electric and magnetic surface current densities, respectively expressed as
, where boldface letters represent vectors, } , { y x ∈ ξ , and x and y are the unit vectors along the x-and the y-direction. These current densities are considered the virtual sources of the electromagnetic field within each layer, as well as of the scattered field in free space.
The electromagnetic field within any given layer is determined through the methodology described in [17] , whereby the structure is treated as a boundary value problem. The analysis is carried out in the spectral domain using the full-wave technique, taking into account the surface electric and magnetic current densities induced on the scattering elements. The solution for the electromagnetic field in any of the N+2 layers, mathematically formulated in [17] and schematically depicted in the block diagram on Fig. 2 , can be summarized as follows:
• First, the wave equations for each of the N chiral layers, free space, and ground are solved in the Fourier domain, resulting in a system of differential equations;
• Next, the application of the proper electromagnetic boundary conditions at each interface yields a set of 4 (N+1) equations in an equal numbers of unknowns, whose solution leads to the spectral electric and magnetic Green's functions relating each of the N+2 layers;
• Then, the combination of the Green's functions and the spectral surface current densities allows the determination of the spectral fields at any point of the multilayered structure;
• Finally, the electromagnetic fields in the spatial domain are obtained from the inverse double Fourier transform.
For microwave remote sensing purposes, interest is in the analysis of the far electromagnetic field scattered into free space by the multilayered structure. Since the scattered wave can be approximated by a plane wave at the receiving antenna, considered sufficiently small, the stationary phase method [19] can be used to obtain the asymptotic expressions of the scattered field in an expedient way.
From these expressions and the knowledge of the current densities on the elements, the scattering matrix is completely determined for any incidence and scattering direction. Using this method, the far scattered electric field is expressed [19] in spherical coordinates by
where θ and φ are the unit vectors along the θ-and the φ-direction, η 0 is the intrinsic impedance of free space, k 0 is the wavenumber in vacuum of the excitation wave, k xe = k 0 sin θ cos φ and k ye = k 0 sin θ sin φ define the stationary phase point, r is the distance between the receiving antenna and the target, and  0z and  0z are the z-components of the spectral electromagnetic field in free space. As a remark, these components depend on the surface current densities induced on the elements, which can be determined by the method of moments or other alternative techniques.
III. SCATTERING FROM A SINGLE CHIRAL LAYER STRUCTURE
In this section, the general case previously discussed is particularized for a single (i.e., N = 1) chiral layer with electric and magnetic currents on the interfaces z = 0 and z = d (Fig. 3) . 
where k x and k y are the spectral variables in the x-and y-directions; ω is the angular frequency; j t , j g t , m t , and m g t ( } , { y x t ∈ ) are the spectral components of J, J g , M, and M g ;  z1 ,  z2 ,  z3 , and  z4 are the spectral z-components of the electric field in the chiral layer;  0z and  0z ,  gz and  gz are respectively the spectral z-components of the electric and magnetic fields in free space and in the ground layer; and
k and e k respectively represent the wavenumbers of the right and the left-handed circularly polarized components of the wave in the chiral medium.
Resolution of the system of equations (2) yields the spectral field longitudinal components, from which the other transversal components can be readily determined. Each spectral field component can be expressed in terms of the electric and magnetic current densities present on the interfaces and the corresponding spectral electric and magnetic Green's functions. For illustration, the spectral electric Green's function for free space, relating the x-component of the spectral electric field to the x-component of the spectral surface electric current density on the interface between the chiral layer and free space (i.e.,
(3i)
The other applicable spectral electric and magnetic Green's functions can be similarly obtained, and are listed in [17] . Thus, the spectral electric and magnetic fields can be precisely calculated once the surface current densities on the layer interfaces are numerically computed from a system of integral equations via the method of moments, using subdomain base functions and identical test functions (Galerkin method).
As mentioned in Section II, the main interest in the case of microwave remote sensing applications is not as much in the field within the confined layers and ground as it is in the far electromagnetic field scattered into free space, whose asymptotic expression is given in (1) for the electric field. For the particular structure under analysis consisting of a single chiral layer, the longitudinal components of the spectral electric and magnetic fields  0z and  0z , determined from the resolution of the system of equations (2) following the methodology described, are given by 
where
, and ∆ s (k xe , k ye ) are defined in the Appendix. As a remark, the methodology presented applies whichever the shapes of the scattering elements, as represented by the x-and ycomponents of the spectral electric and magnetic current distribution
and
).
IV. SCATTERING ANALYSIS FOR ELECTRIC AND MAGNETIC DIPOLES
The scattering matrix can be regarded as the mathematical signature of a target, as it relates the scattered wave's electric field to that of the incident wave as a linear transformation of the form where the scattering matrix, denoted by [S] , is a 2x2 complex matrix, whose elements -of dimension of length -are a function of the electromagnetic properties, the shape and orientation of the target, and of the frequency and incidence angle of the illuminating wave. The diagonal (S θθ and S φφ ) and the offdiagonal (S θφ and S φ θ ) elements are respectively called the co-and cross-polarized components. The scattering matrix is a comprehensive parameter in polarimetric SAR analysis, providing complete information about the scattering mechanism and from which other polarimetric features used to describe the target can be derived.
The scattering matrix of electric and magnetic elements embedded in multilayered structures made out of chiral layers can be calculated following a procedure similar to the one utilized in [15] for multiple isotropic layers. As described in [1] , the associated spherical coordinate system (r, θ, φ) is related to the (k, v, h) system, defined in terms of the vertical and horizontal polarization components of the excitation wave. The spectral electric and magnetic current densities induced on the scattering elements are dependent on the polarization being vertical or horizontal, as indicated by the superscripts (v, h) that appear atop the current densities and the field components in the equations that follow. The reciprocity condition for chiral media applies to the off-diagonal elements of the scattering matrix; thus, the amplitudes of the far spectral electromagnetic field scattered into free space due to each polarization component are related by
The results obtained in Section III for a single chiral layer can be further simplified if the scattering elements are such that their dimension along one of the transversal directions (say, along the x-axis) is much larger than the one along the orthogonal direction (i.e., the y-axis, in this case). Under this circumstance, the orthogonal component of the corresponding surface current density can be neglected.
This condition corresponds to having electric and magnetic dipoles as the scattering elements located at the layer interfaces.
Electric and magnetic dipoles located at either one or both interfaces, and oriented along parallel or perpendicular directions in relation to one another, can be taken into account by considering the linear combination of the corresponding current components in equations (4a) and (4b). This approach has been utilized to compute the scattering matrices of the single chiral layer structure depicted in Fig. 3 for several dipole distributions, namely:
• single electric or magnetic dipole atop the chiral layer or the ground layer;
• dual parallel electric, magnetic, or electric and magnetic dipoles atop the chiral layer and the ground layer;
• dual perpendicular electric, magnetic, or electric and magnetic dipoles atop the chiral layer and the ground layer.
For each of these cases, the corresponding co-polarized (S θθ and S φφ ) and cross-polarized (S θφ and S φ θ ) elements of the scattering matrix [S] have been calculated in a straightforward manner following the methodology presented in the previous sections. One notes that, for practical purposes, the basic dipole orientation is considered to be along the x-direction (the y-direction being thus the perpendicular one), since the layers are assumed to be unbounded along the transversal plane, such that the use of absolute directions becomes irrelevant. The scattering matrix defined in (5) where the elements s θθ , s θφ , s φθ and s φφ are listed in Table I. V. APPLICATIONS As previously mentioned, once the scattering matrix is determined, one can directly derive from it other characteristic parameters of the scattering target, such as its radar cross-section (RCS), α-angle, directivity function, and polarimetric response [20] . 
As an initial application, the scattering matrix and the related characteristic parameters of a short electric dipole atop a single chiral layer have been derived and analyzed for the L-, C-and X-bands in [20] and [21] . This analysis is equivalent to taking the scattering matrix defined in (7) with the selements listed on the second row (Electric at z = d) of Table I. Subsequently, short magnetic dipoles at either the lower or the upper interface of a three-layer structure containing a chiral layer in-between (Fig. 3) have been analyzed. This analysis is already based on the general methodology presented in the previous sections of this paper, leading to the scattering matrix defined in (7) . In the case of a short magnetic dipole located at the lower interface (z = 0) the corresponding s-elements are listed on the third row (Magnetic at z = 0) of Table I As an illustration of the applicability of this systematic procedure, the polarimetric response of electric and magnetic dipoles will now be compared. As a reminder, the polarimetric response is the graphical representation of the target scattering cross-section as a function of the ellipticity and the orientation angles of the transmitted electromagnetic wave [1] , [20] . The chiral structure under analysis here is depicted in Fig. 3 , From the scattering matrix defined in (7), with the corresponding s-elements listed in Table I , the co- 
VI. FINAL COMMENTS
The methodology previously developed for the computation of the electromagnetic fields in multilayered achiral structures has been extended to chiral media, with either or both types of scattering elements, electric and magnetic, present at any layer interface. The field expressions so obtained, in terms of the electric and magnetic Green's functions, have then been directly used for the computation of the scattering matrix of a multilayered chiral structure. As an application of this methodology, the scattering matrices for several distributions of single and dual electric and/or magnetic dipoles in a single chiral layer structure have been calculated. Once the scattering matrix is determined, other characteristic parameters of a scattering target -such as the polarimetric response, for example -can be directly derived from it. The extension of this method to the analysis of multiple anisotropic layers is currently under way.
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